1 4 3 0 VOLUME 14 | NUMBER 11 | NOVEMBER 2011 nature neurOSCIenCe a r t I C l e S During CNS development, OPCs give rise to oligodendrocytes that are responsible for axonal myelination. A population of 'adult' OPCs also persists in the mature brain, and these cells are capable of differentiating into oligodendrocytes if myelin is damaged. OPCs express AMPA-type glutamate receptors (AMPARs), the activation of which is thought to be critical for a variety of important physiological and developmental processes, including OPC proliferation, migration and differentiation 1,2 , neuron-glia signaling 3 and pathological changes that occur following ischemia. AMPARs can assemble either as homo-or heterotetramers, with functional properties that are dictated by their subunit composition and by the presence of auxiliary transmembrane AMPAR regulatory proteins (TARPs) 4 . The GluA2 subunit is an important determinant of AMPAR calcium permeability 5 . Premyelinating OPCs (in vivo and in vitro) are known to contain all four subtypes of AMPAR subunit (GluA1-4) 6,7 and express a mixture of GluA2-lacking CP-AMPAR and GluA2-containing calcium-impermeable AMPAR (CI-AMPAR) subtypes, the relative proportions of which vary during development and with brain region 7,8 .
During CNS development, OPCs give rise to oligodendrocytes that are responsible for axonal myelination. A population of 'adult' OPCs also persists in the mature brain, and these cells are capable of differentiating into oligodendrocytes if myelin is damaged. OPCs express AMPA-type glutamate receptors (AMPARs), the activation of which is thought to be critical for a variety of important physiological and developmental processes, including OPC proliferation, migration and differentiation 1,2 , neuron-glia signaling 3 and pathological changes that occur following ischemia.
AMPARs can assemble either as homo-or heterotetramers, with functional properties that are dictated by their subunit composition and by the presence of auxiliary transmembrane AMPAR regulatory proteins (TARPs) 4 . The GluA2 subunit is an important determinant of AMPAR calcium permeability 5 . Premyelinating OPCs (in vivo and in vitro) are known to contain all four subtypes of AMPAR subunit (GluA1-4) 6, 7 and express a mixture of GluA2-lacking CP-AMPAR and GluA2-containing calcium-impermeable AMPAR (CI-AMPAR) subtypes, the relative proportions of which vary during development and with brain region 7, 8 .
The presence of CP-AMPARs renders OPCs particularly vulnerable to hypoxic-ischemic excitotoxic injury in early development 9, 10 . Specifically, calcium influx through these receptors, when combined with disrupted calcium homeostasis, is a trigger that initiates OPC damage 11 . The resultant hypomyelination is thought to be a major factor in white-matter injury in premature infants 12 . Consistent with this, myelin damage and impaired axonal conduction can be suppressed by strategies that reduce calcium influx through these receptors. Despite the clear importance of CP-AMPARs in OPCs, their functional properties and many of the factors involved in the regulation of AMPAR subtype expression in these cells remain relatively unexplored. In particular, the molecular mechanisms that regulate CP-AMPARs in OPCs and how these relate to their neuronal counterparts have not been defined.
Ultrastructural and functional studies have shown that, in many brain regions, CP-AMPARs in OPCs are activated during transmission at discrete neuron-glia synapses 3 . In many CNS white-matter tracts that are devoid of nerve cell bodies or nerve terminals, synapses can also form directly between axons and OPC cell processes 8, 13 . These various neuron-glia synapses share features with conventional neuronal synapses, including the presence of action potential-evoked transmitter release that is calcium dependent and quantal in nature 3, 13 . The synaptic currents at these sites are mediated in part by CP-AMPARs 3 , as has been described for certain neuronal synapses and other neuronglia synapses 14, 15 . Moreover, high-frequency presynaptic activity at these neuron-glia synapses is reported to generate a form of long-term potentiation (LTP) that is associated with a rapid rise in the proportion of CP-AMPARs 16 , underscoring the dynamic nature of AMPAR expression in OPCs.
In addition to CP-AMPARs, OPCs express other receptor types that are capable of triggering an increase in intracellular calcium and that are likely to be activated by released transmitter. In white matter, ATP can activate P2Y and P2X 7 receptors in these cells 17 , and there is evidence that ATP release is involved in white-matter damage during ischemia 18 . OPCs in slices and in vitro also express group 1 mGluRs (predominantly mGluR5), the activation of which similarly results in the elevation of intracellular calcium 11, 19 .
We have previously described mGluR-mediated regulatory mechanisms that govern the relative expression of CP-AMPARs in cerebellar stellate cells 20 . Here we examined the functional properties of AMPARs in OPCs and identified distinct mGluR-and ATP-mediated a r t I C l e S changes in glial CP-AMPAR expression. In particular, we found that activation of group I mGluRs increased the surface expression and enhanced the current generated by CP-AMPARs, whereas activation of purinergic P2Y receptors decreased the fraction of current mediated by CP-AMPARs. The delivery of CP-AMPARs depended on a rise in intracellular calcium and involved phosphoinositide-3 kinase (PI3K), protein interacting with C kinase (PICK-1) and the c-Jun N-terminal kinase (JNK) pathway. In addition, the stargazin family of auxiliary AMPAR subunits was critical for this process. Our results establish the existence of, and mechanisms underlying, unexpected bidirectional AMPAR plasticity in OPCs.
RESULTS mGluR activation increases CP-AMPARs in CG4 OPCs
To determine whether mGluR activation alters the proportion of GluA2-containing CP-AMPARs in oligodendrocyte lineage cells, we first measured glutamate-evoked whole-cell current-voltage (I-V) relationships in the CG4 OPC cell line ( Fig. 1a) . We assessed the presence of GluA2-lacking CP-AMPARs by examining the voltage-dependent block produced by intracellular spermine (100 µM). In these experiments, the agonist solution contained 100 µM glutamate and 50 µM cyclothiazide (to reduce AMPAR desensitization). In a separate set of experiments, we confirmed that the response to glutamate could be fully blocked by the AMPAR antagonist GYKI 52466 dihydrochloride (50 µM, data not shown). In control cells, the I-V relationships (−100 to +60 mV) showed modest rectification, with a mean rectification index (+60/−60 mV; see Online Methods) of 0.69 ± 0.05 (n = 10; Fig. 1b ). Following treatment with the group 1 mGluR (mGluR1/5) selective agonist (S)-3,5-dihydroxy-phenylglycine (DHPG, 100 µM, 30 min at 37 °C), the I-V relationships became more rectifying ( Fig. 1c-e) , with the rectification index being reduced to 0.33 ± 0.04 (n = 8, P = 0.0036). This increase in rectification (decrease in rectification index) is consistent with an increase in the proportion of CP-AMPARs following DHPG treatment.
At negative potentials (−100 mV), where CP-AMPARs are largely unaffected by polyamine block 21 , DHPG increased the current density from 64 ± 15 to 162 ± 31 pA pF −1 (P = 0.00016; Fig. 1f ). Such an increase could reflect a change in receptor number, but is also consistent with the higher single-channel conductance of CP-AMPARs compared with CI-AMPARs 22 . The effects of DHPG, on both rectification and current density, were prevented by co-treatment with the antagonists 3-amino-6-chloro-5-dimethylamino-N-2pyridinylpyrazine carboxamide hydrochloride (ACDPP, 10 µM) and (RS)-α-methyl-4-carboxyphenylglycine (MCPG, 1 mM) ( Fig. 1e,f) . In these conditions, the rectification index (0.54 ± 0.05, n = 6) and current density (83.3 ± 16.2 pA pF −1 ) were not significantly different from control values (P = 0.52 and 0.09, respectively).
To determine whether the increase in AMPAR current density and inward rectification that occurred following DHPG treatment was accompanied by an alteration in the cell membrane expression of AMPAR subunits, we performed cell-surface biotinylation experiments. The surface expression of GluA4 was significantly increased (from 51.7 ± 13.4 to 89.6 ± 10.8% of input, n = 3, P = 0.022). The cell surface expression of GluA2 and GluA3 remained unaltered (60.1 ± 6.4 versus 62.3 ± 2.1% and 53.7 ± 7.6 versus 64.7 ± 11.0%, respectively; both n = 3 and P = 0.70; Fig. 1g,h) . These results suggest that activation of group I mGluRs increase the number of surface CP-AMPARs and enhance current density in CG4 OPCs by promoting the expression of GluA4-containing AMPARs.
Activation of mGluRs increases AMPAR channel conductance
If DHPG treatment did indeed increase the proportion of functional CP-AMPARs in CG4 OPCs, one would predict an increase in the mean single-channel conductance. To examine this, we recorded currents from outside-out membrane patches (−60 mV) in response to rapid application of 10 mM glutamate (100 ms) and used non-stationary fluctuation analysis (NSFA, see Online Methods) to determine the weighted mean single-channel conductance and the peak open probability (P o,peak ) ( Fig. 2a) . DHPG treatment produced a significant increase in single-channel conductance (from 30.1 ± 2.2 pS to 45.4 ± 3.1 pS, n = 14 and 12, respectively; P = 0.0033; Fig. 2b,c) that could be prevented Fig. 2d ). P o,peak and the time course of desensitization were unaffected by DHPG treatment ( Fig. 2e,f) .
The fact that the magnitude of the change in surface AMPARs appeared to be less when assessed with biotinylation, as opposed to current density, can be ascribed in part to the larger singlechannel conductance of CP-AMPARs. Current density will also be influenced by any change in deactivation kinetics, or in sensitivity to cyclothiazide, of the AMPAR/TARP combination that is present following DHPG treatment. This increase in the proportion of CP-AMPARs contrasts with the DHPG-induced decrease in CP-AMPARs described at certain central synapses 20, 23 , where it is thought to reflect a change in protein synthesis and/or intramembrane movement of AMPARs, consequent to elevation of intracellular calcium ([Ca 2+ ] i ).
Mechanisms underlying mGluR-induced changes in CP-AMPARs
We next investigated potential mechanisms that might contribute to the mGluR-induced AMPAR changes in CG4 OPCs, by examining the effects of various treatments on the ability of DHPG to alter either rectification index or channel conductance. In OPCs, DHPG is known to trigger an increase in [Ca 2+ ] i that is prevented by the selective mGluR5 antagonist MPEP 24 and that results from IP 3 -mediated Ca 2+ release from intracellular stores. To determine whether such Ca 2+ mobilization might trigger the AMPAR subunit changes that we observed, we pretreated CG4 OPCs with the membrane-permeable Ca 2+ chelator 1,2-bis(2-aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid tetrakis (acetoxymethyl ester) (BAPTA-AM, 20 µM) to rapidly buffer any rise in [Ca 2+ ] i . Following such treatment, the effect of DHPG on AMPAR channel conductance was prevented (34.9 ± 4.5 pS, n = 10, P = 0.61 compared with control; Fig. 2d ). To confirm that BAPTA-AM did indeed block the increase in [Ca 2+ ] i induced by activation of mGluRs, we loaded cultured optic nerve OPCs with the cell-permeant AM ester of fluo-4 (5 µM, Invitrogen) and monitored somatic fluorescence. Bath application of DHPG (100 µM) produced a roughly twofold increase in relative fluorescence, which was fully blocked by BAPTA-AM (20 µM) (n = 10 cells with DHPG, n = 11 cells with BAPTA-AM + DHPG; data not shown).
In separate experiments, we examined the involvement of potential downstream pathways in the mGluR-mediated insertion of CP-AMPARs. In neurons, mGluR-mediated long-term depression (LTD) has been shown to depend on an increase in [Ca 2+ ] i that has been suggested to promote the association of the calcium-sensing protein NSC-1, PICK-1 and protein kinase C, resulting in the phosphorylation of GluA2 and receptor endocytosis 25 . mGluR-triggered phosphorylation of GluA2 can also involve a calcium/calmodulin-dependent protein kinase/JNK pathway 26 .
When we pretreated OPCs with a selective cell-permeable PICK-1 inhibitor peptide (TAT-pep2-EVKI, 25 µM) or with a membranepermeable antagonist for JNKs (SP600125, 100 µM), the effect of DHPG on rectification index was blocked (0.55 ± 0.05 and 0.61 ± 0.09, n = 7 and 8, P = 0.52 and 0.31 versus control). Activation of PI3K initiates an increase in protein synthesis via the PI3K-Akt-mTOR pathway. This pathway has been implicated in AMPAR plasticity following mGluR activation 23 . We found that the PI3K inhibitor wortmannin (100 nM) blocked the effects of DHPG on rectification index in OPCs (0.50 ± 0.04, n = 7, P = 0.27 versus control). Notably, the effect of SP600125 (above) could also reflect a reduction in the level of phosphorylation of JNK substrates p-ATF2 and p-c-Jun, which have been shown to regulate mGluR-mediated hippocampal LTD 27 .
Consistent with the idea that the targeting of GluA2-lacking AMPARs involves synthesis of new CP-AMPARs or associated proteins, the effects of DHPG on rectification index were blocked by pre-treatment with the inhibitor of protein translation, cyclohexamide (25 µM, rectification index = 0.66 ± 0.04, n = 7, P = 0.7317). Together, these findings suggest that the pathways implicated in mGluR-mediated AMPAR plasticity in certain neurons also function in OPCs, albeit to trigger an increase rather than a decrease in the proportion of CP-AMPARs.
Development regulates mGluR effects on optic nerve OPCs Does mGluR-activation induce AMPAR plasticity in native OPCs?
To address this, we purified OPCs from optic nerve 28 and examined a r t I C l e S their responses at two developmental stages. To preserve OPCs in an immature state, we grew them in the presence of growth factors (basic fibroblast growth factor (bFGF) and platelet-derived growth factor AA (PDGF-AA) added once every 24 h; see Online Methods) and maintained them for 6 d in vitro (DIV) before patch-clamp recording. At this stage, OPCs produced relatively few processes and were immunoreactive for the marker O4 (Fig. 3a) . In these cells, the glutamate-evoked whole-cell I-V relationship exhibited modest rectification, similar to that seen in CG4 OPCs (0.64 ± 0.03, n = 14; Fig. 3a ), suggesting the presence of a population of CP-AMPARs. To confirm this, we examined the effects of the selective CP-AMPAR blocker philanthotoxin-433 (PhTx-433, 5 µM) on glutamate-evoked currents (100 µM, plus 50 µM cyclothiazide). At −100 mV, the response to glutamate was reduced by 46.2 ± 5.2% (n = 6, P = 0.0031), consistent with the idea that a substantial proportion of AMPARs were calcium permeable. Next, to promote differentiation into premyelinating OPCs, we withdrew growth factors and supplemented the medium with the thyroid hormone (T3); we examined the cells ~48 h later (see Online Methods). In this condition, the cells elaborated multiple processes characteristic of pre-myelinating OPCs, and, although functional AMPARs were retained 29 , unlike those of immature OPCs they exhibited a linear I-V relationship (rectification index = 0.94 ± 0.02, n = 5, P = 0.025 versus immature OPCs; Fig. 3b ). This loss of rectification in maturing cells implied a loss of CP-AMPARs. Treatment of immature OPCs with DHPG (100 µM, 30 min at 37 °C) caused the glutamate I-V relationship to become more rectifying (rectification index = 0.38 ± 0.01, n = 10; P = 0.0012; Fig. 3a,c) . However, DHPG had no effect in pre-myelinating OPCs (rectification index = 1.01 ± 0.07, n = 5, P = 0.56; Fig. 3b,c) . Thus, the mGluR-induced increase in CP-AMPARs that we observed in immature OPCs was lost by the pre-myelinating stage. We next examined the single-channel properties of AMPARs in OPCs maintained with and without growth factors. Rapid application of glutamate to excised patches (10 mM, 100 ms, −60 mV, see Online Methods) gave responses that desensitized with a weighted mean time constant (τ des ) of 5.1 ± 0.1 ms (immature OPCs) and 4.6 ± 0.3 ms (pre-myelinating OPCs) (n = 7 and 6). NSFA of these macroscopic patch responses gave an estimate for the weighted mean single-channel chord conductance of 35.4 ± 2.8 pS in immature OPCs, compared with 21.6 ± 1.3 pS in premyelinating OPCs (P = 0.0003). These values are consistent with the view that pre-myelinating cells in optic nerve predominantly express CI-AMPARs. An age-dependent change in the AMPAR subtype repertoire has been described for OPCs (NG2-positive OPCs), but the overall AMPAR density appears to decrease rapidly during cell differentiation 7 . 
Activation of P2Y receptors decreases CP-AMPARs in OPCs
Thus far, our results suggest that activation of mGluRs by the glutamate released from axons in optic nerve or white matter 13, 30 could produce AMPAR plasticity in immature OPCs. Indeed, it is possible that this underlies the neuron-glia LTP that is triggered in hippocampal NG2positive OPCs by the evoked release of glutamate from nerve terminals 16 (see below). However, axons and neighboring astrocytes in the white matter 17 also release ATP, which acts on P2Y and P2X 7 receptors in OPCs 31 , triggering many of the intracellular cascades that are linked to mGluR activation. To investigate whether ATP receptors might induce a similar form of AMPAR plasticity, we treated immature OPCs with ATP (1 mM for 10 min at 37 °C). Unexpectedly, such treatment led to a significant decrease in rectification of the glutamate I-V relationship (rectification index changed from 0.51 ± 0.03 to 0.98 ± 0.12, n = 10 and 7, P = 0.0037; Fig. 4a,b) , indicating that, following ATP treatment, the current was carried mainly by CI-AMPARs. Consistent with this view, the AMPAR single-channel conductance was significantly decreased from 35.6 ± 3.0 to 19.2 ± 2.4 pS (n = 10 and 6, P = 0.0014), without affecting P o,peak ( Fig. 4c-e ). In addition, the rate of desensitization was slowed from 4.1 ± 0.2 to 6.9 ± 0.6 ms (P = 0.0005; Fig. 4e ). ATP activates P2Y and P2X 7 receptors and is rapidly degraded into ADP, AMP and adenosine, which could in principle activate adenosine receptors. To determine whether the ATP-induced AMPAR plasticity was mediated via purinergic or adenosine receptors (A1, A2 and A3), we used the purinergic receptor antagonist pyridoxalphosphate-6azophenyl-2′,4′-disulfonic acid (PPADS) and the adenosine receptor agonist 2-chloroadenosine. We found that 2-chloroadenosine (100 µM) did not alter the AMPAR rectification index in OPCs (0.54 ± 0.06 versus 0.61 ± 0.01, n = 6 and n = 4, respectively; P = 0.98). However, PPADS (100 µM) blocked the effect of ATP on rectification index (0.52 ± 0.05, n = 5, P = 0.951 compared with control; Fig. 4b) , indicating that ATP-induced plasticity was mediated via the activation of purinergic receptors. PPADS has been shown to inhibit the activation of both P2X 7 and P2Y receptors 32 . To investigate whether the effects of ATP could be ascribed to the activation of P2X 7 receptors, we tested the P2X 7 agonist 2′(3′)-O-(4-benzoylbenzoyl)adenosine-ATP (BzATP, 2 µM). This treatment did not alter the AMPAR rectification index (0.59 ± 0.05 in BzATP versus 0.51 ± 0.03 in control, n = 7 and 6, respectively; P = 0.73), suggesting that the effects of ATP on rectification were mediated via P2Y receptor activation.
ATP has recently been shown to increase [Ca 2+ ] i in NG2-positive OPCs 17 . We found that the decrease in rectification produced by ATP was prevented when cells were pre-treated with 20 µM BAPTA-AM (rectification index = 0.56 ± 0.06, n = 6, P = 0.892), consistent with intracellular Ca 2+ being involved in promoting the ATP-induced AMPAR plasticity. However, the effect of ATP was not suppressed by treatment with the protein synthesis inhibitor cyclohexamide (25 µM, rectification index = 0.83 ± 0.05, n = 5, P = 0.015; Fig. 4b) . It is notable that the whole-cell current was not significantly changed by ATP (83.2 ± 17.7 pA pF −1 in control, 102.1 ± 12.6 pA pF −1 following ATP, n = 10 and 7, respectively; P = 0.732). This suggests that ATP-mediated plasticity involves a loss of CP-AMPARs and the targeting of CI-AMPARs from a pool that does not require new receptor synthesis. This finding is consistent with the idea that the fraction of CP-AMPARs expressed in immature OPCs is differentially regulated by mGluRs and P2Y receptors, and that separate pathways are likely to underlie these effects.
TARPs regulate mGluR-mediated plasticity in OPCs
In neurons, TARPs have been implicated in various forms of AMPAR plasticity 33, 34 . TARPs have been identified in glia 35, 36 and we recently found that CP-AMPARs in cerebellar Bergmann glia have channel properties that are indicative of TARP association 37 . Although gene expression studies have identified TARPs in purified OPCs acutely a r t I C l e S isolated from forebrain (Cacng4, Cacng5 and Cacng8; that is, γ-4, γ-5 and γ-8) 6 , it is unknown whether TARPs associate with, and regulate, AMPARs in OPCs. Of note, oligodendrocyte lineage cells express GluA1-4 AMPAR subunits 6 , yet the single-channel conductance of ~35 pS that we observed in immature OPCs was higher than would be expected for any combination of AMPAR subunits expressed without a TARP 37 . Consistent with the view that TARPs associate with AMPARs in immature OPCs to functionally modify their properties, we found that the partial agonist kainate displayed a relatively high efficacy. The ratio of kainate-and glutamate-evoked peak currents (I KA /I Glu , both 1 mM) was 41.2 ± 4.1% (n = 6). This is much greater than the ratio obtained with GluA1 or GluA1/GluA2 receptors in the absence of a TARP (~10%), but is similar to that of receptors coexpressed with TARPs 38 .
As a first step in assessing the possible contribution of TARPs, we extracted mRNA from optic nerves of postnatal day 7 (P7) rats Fig. 2 ). The treated cell showed greater inward rectification than the control cell. RI, rectification index. 1 4 3 6 VOLUME 14 | NUMBER 11 | NOVEMBER 2011 nature neurOSCIenCe a r t I C l e S and carried out reverse-transcription PCR (RT-PCR) using primers for all known TARPs (γ-2, γ-3, γ-4, γ-5, γ-7 and γ-8) and the related proteins γ-1 and γ-6 (see Online Methods). We detected the presence of γ-2, γ-3, γ-4, γ-5 and γ-6 ( Fig. 5a) . To verify the presence of TARP proteins in oligodendrocyte lineage cells, we co-labeled immatureand pre-myelinating OPCs (identified with antibody to O4 or NG2) and oligodendrocytes (identified with antibody to O1) with either a TARP antibody (pan-TARP) that recognized γ-2, γ-3, γ-4 and γ-8, an antibody to γ-5 or an antibody to γ-7. Although we did not detect labeling with antibody to γ-5 or γ-7, both immature-and premyelinating OPCs, as well as oligodendrocytes, were readily labeled with the pan-TARP antibody (Fig. 5b-e) .
To establish whether TARPs are present in OPCs and oligodendrocytes in vivo, we cut cryostat sections (30 µm) of cerebellar cortex (P7 rat) and labeled them with antibodies to TARP γ-2 (ref. 39 ) and NG2 or myelin basic protein (MBP) ( Fig. 5f and Supplementary Fig. 1) . NG2-positive OPCs in the white matter and granule cell layer exhibited TARP immunoreactivity; by comparison, labeling of TARPs in white-matter, MBP-positive cells (oligodendrocytes) was relatively low (Supplementary Fig. 1) .
We next considered whether TARPs participate in the surface delivery and regulation of AMPARs in OPCs. Cells were transfected with either full-length wild-type γ-2 or a C-terminal truncated form (γ-2∆C308) that lacked the 'TTPV' PDZ-binding domain (common to γ-2, γ-3, γ-4 and γ-8). In neurons, this domain is required for TARP interaction with the synaptic protein PSD-95 (ref. 40 ) and is necessary for effective AMPAR targeting to the synapse 34 . Although all cells displayed similar glutamate-evoked current densities, transfection with γ-2∆C308 led to markedly more linear I-V relationships, indicating that, in these conditions, CI-AMPARs predominated in the membrane (rectification index was 1.10 ± 0.07 with γ-2∆C308 versus 0.53 ± 0.03 with γ-2, n = 7 and 6, respectively; P = 0.0012; Fig. 6a ). This suggests a likely requirement for TARPs that contain the TTPV motif in the trafficking of CP-AMPARs to the membrane surface. Consistent with this view, OPCs that were transfected with truncated γ-2 failed to show a DHPG-induced increase in rectification (rectification index = 0.83 ± 0.11, n = 5, P = 0.33; Fig. 6b,c) . Furthermore, these cells also exhibited a reduced single-channel conductance (from 40.5 ± 4.2 to 21.1 ± 3.3 pS, n = 6 and n = 5, P = 0.0043; Fig. 6d-f ) with no change in P o,peak or desensitization rate (Fig. 6f) , as would be expected with an increase in the proportion of CI-AMPARs. Our data therefore suggest that TARPs are required for delivery of CP-AMPARs in OPCs and that this interaction involves the distal (TTPV) region of their C terminus.
mGluR activation increases synaptic CP-AMPARs in OPCs
To determine whether mGluR activation can trigger an increase of CP-AMPARs at neuron-glia synapses, we examined the effects of DHPG on transmission at climbing fiber inputs to NG2-positive OPCs in cerebellar slices from NG2-DsRed BAC mice 30 (Fig. 7a) . OPCs were identified from their morphology 30 and by the presence of characteristic inward sodium current in response to a depolarizing step (Fig. 7b) , as previously described 7 . Climbing fiber stimulation evoked fast excitatory postsynaptic currents (EPSCs) that exhibited paired pulse depression typical of climbing fiber EPSCs in neurons and NG2-positive cells 41 (Fig. 7c) . The rectification index (+60/−80 mV) of these currents was ~0.5 ( Fig. 7d) , suggesting that they were mediated by a mixture of CP-AMPARs and CI-AMPARs. Following treatment with the mGluR agonist DHPG (100 µM for 10 min), the EPSCs displayed more marked inward rectification. On average the rectification index was halved, from 0.48 ± 0.05 to 0.25 ± 0.02 (n = 10 and 5, respectively; P = 0.0080; Fig. 7e-g) .
The increase in rectification at climbing fiber inputs to NG2positive cells was similar to that observed in OPCs derived from optic nerve, indicating that mGluR activation triggered a rapid increase in the relative proportion of synaptic CP-AMPARS in NG2-positive cells. The rectification seen in DHPG-treated cells (Fig. 7f,g) suggests that these EPSCs were mediated predominantly by CP-AMPARs.
DISCUSSION
We found that the CP-AMPARs in OPCs, which are activated during neuron-glia signaling 3 , cell proliferation 1,2 and pathological changes 9, 10 , are subject to differential regulation by modulatory signals. Specifically, our results establish that activation of group 1 mGluRs triggered an increase in the proportion of CP-AMPARs in OPCs, as detected by an increase in single-channel conductance and inward rectification of AMPAR-mediated currents, whereas activation of purinergic P2Y receptors decreased the proportion of CP-AMPARs. This mGluR1-mediated CP-AMPAR plasticity was triggered by a rise in intracellular Ca 2+ , and required the activation of the PI3K, PICK-1 and the JNK pathways. Furthermore, TARPs, which are essential modulators of AMPAR expression in neurons, also regulated AMPAR plasticity in OPCs.
Implications of mGluR-mediated CP-AMPAR plasticity
Activation of group I mGluRs promoted increased insertion of GluA4containing CP-AMPARs in the OPC membrane. What might be the likely physiological or pathological relevance of such regulation? AMPARs regulate a variety of important physiological and developmental processes in OPCs, including cell proliferation, migration and differentiation. Furthermore, it has been shown that, in white matter, glutamate released from axons and certain glial cells (astrocytes) activates CP-AMPARs in NG2-positive OPCs 3, 13 . Calcium influx through these receptors potentiates the expression of immediate early genes Egr1 (NGF1-A) and c-Fos 42 , which are markers of elevated protein expression. Increased expression of CP-AMPARs (likely homomeric GluA4 or heteromeric GluA1/4 receptors) would be expected to facilitate this action, influencing OPC migration and differentiation into myelinating cells 2 . The fact that this plasticity mechanism is downregulated in pre-myelinating cells and differentiated oligodendrocytes is therefore consistent with the idea that it is involved in early developmental processes.
In the hippocampus, evoked release of glutamate from nerve terminals onto NG2-positive OPCs triggers a form of neuron-glia LTP that involves a switch from CI-AMPARs to CP-AMPARs 16 . Although the precise mechanism underlying this change is uncertain, it can be blocked by intracellular BAPTA, suggesting that it requires a rise in intracellular Ca 2+ . Accordingly, it is possible that the activitydependent changes seen at neuron-NG2-positive OPC synapses could involve an mGluR1-mediated increase in CP-AMPARs of the type that we identified. Indeed, our findings in OPCs in cerebellar slices indicate that mGluR activation increases synaptic CP-AMPAR expression. Furthermore, the mGluR-mediated regulation of CP-AMPARs that we identified is reminiscent of the plasticity seen at certain neuronal synapses, including those between parallel fibers and cerebellar stellate cells 20 and at dopaminergic neurons of the ventral tegmental area 23 . Although these synapses also exhibit an mGluR-induced switch in AMPAR subunit composition, triggered by a rise in intracellular Ca 2+ , mGluR activation initiates a loss, rather than an increase, in postsynaptic CP-AMPARs. This could reflect neuronal/glial differences in the expression of AMPAR subtypes, auxiliary proteins or signaling pathways.
Previous findings have identified high expression of group 1 mGluRs in CG4 cells and brain-derived OPCs 11,24 , although, as with a r t I C l e S AMPARs, mGluRs are downregulated in mature oligodendrocytes. It is notable that earlier experiments did not detect an mGluR-mediated change in the surface expression of AMPAR subunits in oligodendrocyte lineage cells 11 . Although the reason for this is unclear, it could reflect differences in the maturity of the OPCs that were used.
ATP-mediated plasticity
Our results indicate that the neurotransmitter ATP also regulates AMPAR subunit expression in OPCs, triggering an increase in the proportion of CI-AMPARs. ATP is released from axons and astrocytes in the brain (including the optic nerve) and is known to activate metabotropic P2Y 1 receptors to trigger release of calcium from intracellular stores 17, 43 . Although ionotropic calcium-permeable P2X 7 receptors are also present in NG2-positive OPCs in situ 17 , our findings suggest that P2Y 1 receptors are the ones that are involved in regulating AMPAR subunit targeting. In addition, the degradation product of ATP, adenosine, can act on adenosine receptors, which have previously been implicated in OPC differentiation 44 .
We found that mature pre-myelinating OPCs have reduced expression of CP-AMPARs. It is therefore possible that ATP could prime OPCs for differentiation into myelinating cells by both reducing expression of CP-AMPARs, and promoting differentiation via activation of adenosine receptors.
CP-AMPAR regulation depends on TARP interaction
Previously, we established that CP-AMPARs in cerebellar Bergmann glia are associated with TARP γ-5, which modifies their channel properties and shapes the time course of AMPAR-mediated quantal events underlying neuron-glia signaling 37 . Our results suggest that TARPs are expressed in OPCs and that the AMPAR channels display singlechannel and kinetic features typical of TARP-associated receptors. Furthermore, as has been shown in neurons 33, 34, 40 , delivery and regulation of AMPAR in OPCs appears to be dependent on TARP interaction. It is notable that a transcriptome database of gene expression in cultured forebrain OPCs 6 identified γ-4 and γ-5, but not γ-2 or γ-3. Although we found antibody labeling that may suggest γ-2, γ-3, γ-4 or γ-8 is present, we did not detect γ-5 labeling; however, we do not exclude the possibility that it is expressed at a low level.
Transfection of OPCs with a C-terminal truncated form of γ-2 (lacking the last 16 residues, including the TTPV motif) suppressed the insertion of CP-AMPARs and left a current that was mediated entirely by CI-AMPARs. Thus, the distal region of the TARP C-tail appears to be critical for surface delivery of CP-AMPARs in OPCs. This, and the fact that we found that the mGluR-mediated increase in CP-AMPAR was lost when OPCs were transfected with truncated γ-2, suggests that TARP interaction with AMPARs is required for both constitutive and mGluR-mediated insertion of GluA2-lacking CP-AMPARs in these cells.
Relevance to excitotoxic damage
The Ca 2+ permeability of AMPARs in the developing and adult brain modulates OPC susceptibility to ischemic damage, a major type of pathological insult that causes direct injury to oligodendrocyte lineage cells, myelin and developing/adult white matter. Our findings identify various features of AMPAR plasticity in OPCs that may be relevant for understanding the vulnerability of these cells to excitotoxic damage.
Our data suggest that the mGluR-induced changes can be ascribed to an increased surface delivery of GluA4, triggered by an increase in intracellular Ca 2+ , and that this is dependent on PI3K, PICK-1 and the JNK pathway. There is precedent for the involvement of these pathways in neuronal AMPAR plasticity. PI3K is known to be important in AMPAR insertion during LTP 45 and it has been suggested that PICK-1 facilitates the surface expression of CP-AMPARs by causing GluA2-containing AMPARs to be internalized or retained in intracellular compartments 46 . Furthermore, GluA4 subunits (and GluA2L) have been reported to be JNK substrates in both heterologous cells and neurons, and phosphorylation of the JNK site on the AMPAR subunit regulates subunit trafficking on a rapid timescale, promoting AMPAR re-insertion into the membrane 47 . There is also compelling evidence that the JNK/c-Jun signaling pathway is particularly important in cell death induced by ischemia and related excitotoxic stimuli 48 . Furthermore, excitotoxicity via CP-AMPARs requires Ca 2+ -dependent JNK activation 49 . Cells expressing GluA4 subunits are known to be highly susceptible to excitotoxic damage, a process that involves activation of the AP-1 transcription factor 50 , the activity of which is high in immature OPCs 28 . It therefore seems likely that an mGluRmediated increase in GluA4 CP-AMPARs would itself contribute to the vulnerability of OPCs to excitotoxic damage. Consistent with this, the decrease in vulnerability of oligodendrocytes during development appears to coincide with the loss of mGluR-mediated CP-AMPAR plasticity in the older oligodendrocyte lineage cells.
METhODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureneuroscience/.
Note: Supplementary information is available on the Nature Neuroscience website.
